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AN ANALYTICAL INVESTIGATION OF THE AERODYNAMIC AND 

PERFORMANCE CHARACTERISTICS OF AN UNPOWERED 

ROTOR ENTRY VEHICLE 

By Alan D .  Levin and Ronald C .  Smith 

Ames Research Center 

SUMMARY 

A t h e o r e t i c a l  ana lys i s  has  been made of  t h e  aerodynamic c h a r a c t e r i s t i c s  
of a r o t o r  i n  a u t o r o t a t i v e  f l i g h t .  These c h a r a c t e r i s t i c s  have been combined 
with those of a capsule  t o  s tudy  t h e  performance c h a r a c t e r i s t i c s  of a r o t o r  
en t ry  v e h i c l e .  Performance parameters such as range, d e c e l e r a t i o n ,  and hea t 
ing  were determined f o r  a v e h i c l e  en te r ing  t h e  atmosphere from e a r t h  o r b i t .  
The e f f e c t s  of  r o t o r  t o  capsule  diameter  r a t i o  on t h e  e n t r y  parameters and 
the  e f f e c t  of de lay ing  r o t o r  deployment on t h e  range c a p a b i l i t y  were i n v e s t i 
gated.  Subs tan t i a l  gains  i n  l a t e r a l  range can be obta ined  by t h e  addi t ion  
of a r o t o r  t o  a l i f t i n g  capsule  while  maximum dece le ra t ion  changes very 
l i t t l e .  The aerodynamic hea t ing  on t h e  r o t o r  was found t o  be severe  enough 
t o  r equ i r e  poss ib ly  de lay ing  deployment of t h e  r o t o r  u n t i l  a f t e r  t h e  peak 
hea t ing  region has been passed.  Delaying r o t o r  deployment reduced t h e  l a t e r a l  
range c a p a b i l i t y  . 

INTRODUCTION 

Space veh ic l e s  equipped with a r o t o r  f o r  en te r ing  t h e  atmosphere from 
o r b i t  o f f e r  s eve ra l  advantages over  o t h e r  e n t r y  techniques ,  some of which a r e  
unique t o  r o t a r y  wings a lone .  The r o t o r  recovery system has t h e  p o t e n t i a l  
of being t h e  only system which i n  one u n i t  can perform t h e  func t ions  of drag 
modulation, s t a b i l i z a t i o n ,  f l i g h t  pa th  c o n t r o l ,  and landing with nea r  zero 
v e r t i c a l  and ho r i zon ta l  speeds on an unprepared landing s i t e .  

The r o t o r  de r ives  these  advantages from t h e  f a c t  t h a t  t h e  energy it  
s t o r e s  during a u t o r o t a t i o n  c o n s t i t u t e s  t h e  means of provid ing  l i f t .  Folded 
i n  the  t r a i l  p o s i t i o n  during space f l i g h t ,  t h e  r o t o r  would be deployed a t  t he  
onset  of e n t r y  i n t o  t h e  atmosphere. When t h e  dynamic p res su re  became l a rge  
enough, t h e  r o t o r  would be  s e t  i n t o  r o t a t i o n .  A s  t h e  c e n t r i f u g a l  fo rce  
increased ,  t h e  r o t o r  b lades  would open f a r t h e r  i n t o  t h e  a i r  stream, inc reas ing  
t h e  r o t a t i o n a l  r a t e  which, i n  t u r n ,  would cause t h e  b lades  t o  open s t i l l  
f a r t h e r .  F ina l ly ,  equ i l ib r ium would be  reached when t h e  c e n t r i f u g a l  moment 
equals  t h e  aerodynamic moment. Thus, t h e  r o t o r  needs only t h e  oncoming a i r  
stream t o  e f f e c t  deployment of  t h e  b l ades .  



Numerous i n v e s t i g a t o r s  have r epor t ed  on t h e  r o t o r  recovery technique.  
K r e t z  ( r e f .  1)  d i scussed  t h e  a p p l i c a t i o n  o f  r o t o r s  t o  atmospheric e n t r y  and 
recovery problems. Hodson ( r e f .  2) d i scussed  t h e  r e s u l t s  of low-speed wind 
tunnel  t e s t s  on a 1 2 - and 14-foot-diameter  r o t o r  system. Barzda and Schul tz  
( r e f .  3 )  r epor t ed  on t h e  r e s u l t s  of  a s e r i e s  of f r e e - f l i g h t  drop tests and 
wind-tunnel tests a t  supersonic  speeds of  a rotary-wing d e c e l e r a t o r .  Other 
aspec ts  of t h e  rotary-wing recovery technique can be found i n  r e fe rences  4 
t o  6 ,  i n c l u s i v e .  

From t h e  l i t e r a t u r e  on t h e  s u b j e c t  of rotary-wing d e c e l e r a t o r s ,  i t  was 
found t h a t  nea r ly  a l l  of  t h e  s t u d i e s  considered us ing  t h e  r o t o r  only f o r  t h e  
f i n a l  approach and touchdown maneuver. A few considered deploying t h e  r o t o r  
a t  t r anson ic  speeds,  even though wind-tunnel t e s t s  had been conducted t o  a 
Mach number of  about 3 ( r e f .  3 ) .  Only Kretz ( r e f .  1)  had considered deploy
ing  a l i f t i n g  r o t o r  a t  t h e  time of e n t r y  i n t o  t h e  atmosphere. Since t h e  
r o t o r  has t o  be c a r r i e d  i n t o  o r b i t  f o r  use l a t e r  during t h e  touchdown maneu
v e r ,  i t  became c l e a r  t h a t  t h e  r o t o r  might a l s o  prove use fu l  throughout t h e  
e n t i r e  en t ry  t r a j e c t o r y  f o r  modulating drag ,  reducing dece le ra t ion  through 
added l i f t ,  and providing an increased  la te ra l  range c a p a b i l i t y .  An ana ly t 
i c a l  i n v e s t i g a t i o n  was undertaken t o  e s t ima te  t h e  r o t o r  aerodynamic charac
t e r i s t i c s  and then t o  use  these  i n  combination with an e n t r y  veh ic l e  t o  
determine what gains  i n  performance might be achieved over  those  of a 
l i f t i n g  capsule  a lone  f o r  en t ry  from e a r t h  o r b i t .  

NOTAT I ON 

AC capsule  a r e a ,  7rD:/4 

A r  r o t o r  d i sk  a r e a ,  nR2 

b number of b lades  

c; maximum value of cx 

drag 
CD drag c o e f f i c i e n t ,  (1/2 P v z - 4 ~  

rotor drag 
CD r o t o r  drag  c o e f f i c i e n t ,  (1/2),,v:% 

r 
lift 

C L  l i f t  c o e f f i c i e n t  , 

MX 
‘m X 

r o  11i ng-moment coe f f icient , (1/2 pVzArR 

MY 
C pitching-moment c o e f f i c i e n t ,  (1/2) PVzArR 
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cNO 

cQ 

CX 

CZ 
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‘n 

cX 
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dm 
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FP 

FT 

he 

11 

L / D  

MA 

MCF 

MX 

MY 

M a  

m 

mO 

maximum value  o f  v a r i a b l e  p o r t i o n  o f  ‘n 

value o f  cn a t  as = O o  
Q 

r o t o r  torque c o e f f i c i e n t ,  (1/2) QVZArR 

X 

axia l - force  c o e f f i c i e n t ,  (1/2) @TJ:A, 

v
I 
s ide- force  c o e f f i c i e n t ,  (1/2 ) PVZAr 

ii 
normal - fo rce  c o e f f i c i e n t  , (1/2) PVZAr 

blade chord 


blade s e c t i o n  normal f o r c e  c o e f f i c i e n t  


blade s e c t i o n  chord f o r c e  c o e f f i c i e n t  


diameter 


blade mass element 


f lapping hinge o f f s e t  


blade l o c a l  f o r c e  normal t o  s u r f a c e  swept by t h e  r o t o r  


blade loca l  f o r c e  tangent  t o  s u r f a c e  swept by t h e  r o t o r  


en t ry  a l t i t u d e  


blade moment of i n e r t i a  about f l a p p i n g  hinge 


l i f t - d r a g  r a t i o  


aerodynamic moment about f lapping  hinge 


c e n t r i f u g a l  moment about f lapping  hinge 


r o l l i n g  moment 


p i t c h i n g  moment 


free-stream Mach number 


blade mass p e r  u n i t  length 


blade mass a t  t h e  r o o t  


3 



mr 

Q 

;I 

R 

Re 

r 

T 

U 

UP 

"T 

v 

'Je 

'Jm 

W 


X 

Y 


Z 

a 

B 

Y 


E 

V 

5 

b l ade  mass a t  t h e  t i p  

r o t o r  to rque  

h e a t i n g  r a t e  

r o t o r  r ad ius  

l o c a l  b l ade  rad ius  o f  cu rva tu re  

b lade  spanwise s t a t i o n ,  measured from f l app ing  hinge 

r a d i a t i o n  equi l ibr ium temperature  

l o c a l  v e l o c i t y  

l o c a l  v e l o c i t y  component a t  b lade  normal t o  s u r f a c e  swept by r o t o r  

l o c a l  v e l o c i t y  component a t  b l ade  tangent  t o  s u r f a c e  swept by r o t o r  

d e c e l e r a t i o n  

en t ry  v e l o c i t y  

free-stream v e l o c i t y  

veh ic l e  weight 

a x i a l  f o r c e  

s i d e  fo rce  

normal f o r c e  

r o t o r  angle  of a t t a c k  

b lade  s e c t i o n  l o c a l  angle  of a t t a c k  

f l app ing  angle  

en t ry  angle  r e l a t i v e  t o  t h e  l o c a l  h o r i z o n t a l ,  p o s i t i v e  up 

emiss iv i ty  

cons tan ts  used i n  expression f o r  b l ade - sec t ion  chord-force c o e f f i c i e n t  

b lade  c o l l e c t i v e  p i t c h  angle 

Stefan-Boltzmann constant  

e/R 
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mass dens i ty  of a i r  

r o t o r  s o l i d i t y ,  bc/nR 

bank angle  

r/ R 

azimuth angle  of b l ade ,  measured from most a f t  p o s i t i o n  

r o t o r  r o t a t i o n a l  speed 

Subsc r ip t s  

C capsule  

r r o t o r  

r+c r o t o r  p lus  capsule  

max maximum 

THEORY 

The aerodynamic c h a r a c t e r i s t i c s  of t h e  r o t o r  a lone were analyzed f o r  use 
i n  combination wi th  t h e  aerodynamic c h a r a c t e r i s t i c s  of a capsule .  The analy
sis was very much l i k e  t h e  approach taken i n  r e fe rences  7 through 9 which was 
based upon b lade  element theory  with Newtonian flow concepts used t o  r ep re 
s e n t  t h e  l o c a l  b l ade  f o r c e s .  Small angle  approximations were made on t h e  
blade c o l l e c t i v e  p i t c h  angle ,  e .  In  t h e  ana lys i s  presented  h e r e i n ,  no small-
angle assumptions were made i n  regard  t o  t h e  c o l l e c t i v e  p i t c h  angle  so  t h a t  
angles  up t o  90° might be considered.  The equat ions thus  obta ined  were 
so lved  numerical ly  on an I B M  7040/7094 computer system. 

The ro to r -p lus -capsu le  conf igura t ion  s e l e c t e d  f o r  t h i s  s tudy  i s  shown 
i n  f i g u r e  1, and t h e  b l ade  fo rces  and r o t o r  geometry a r e  shown i n  f i g u r e  2 .  
The geometr ical  r e l a t i o n s  shown i n  f i g u r e  2 were then  used t o  ob ta in  t h e  aero
dynamic c h a r a c t e r i s t i c s  of a r o t o r  a lone .  The equat ions obta ined  a r e  p re 
sented  h e r e i n ,  without  t h e  s t e p s  r equ i r ed  t o  go from t h e  i n t e g r a l  form t o  
the  a n a l y t i c  s o l u t i o n .  For t h e  fo rce  r ep resen ta t ion  assumed t h e  i n t e g r a t i o n  
i s  s t r a igh t fo rward .  I n  gene ra l ,  i f  t h e  b l ade  s e c t i o n  fo rces  cannot be  
expressed i n  t h e  form assumed h e r e i n ,  so lv ing  t h e  i n t e g r a l  equat ions r equ i r e s  
s tepwise numerical  i n t e g r a t i o n .  

For t h e  r o t o r  system considered,  t h e  l o c a l  v e l o c i t i e s  and s e c t i o n  angle  
o f  a t tack are obta ined  from f i g u r e  2 :  

up = V,(sin a cos P - cos a sin p cos 9 )  (1) 
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Va3(X COS p + 5 )  + - COS a s i n  I)1RR 

UP as = 0 + t a n - l  -
UT 


where it has been assumed t h a t  rg = 0 (synchronizer  l inkage  fo rces  a l l  
blades t o  have t h e  same coning angle ,  a ) .  

The b lade  s e c t i o n  normal and chord fo rces  a r e  assumed t o  be  of t h e  form: 

en = cNO + C; s i n 2  as (4) 

ex = c;(cos2 us - cp s i n 2  as - 7) ( 5 )  

This form of t h e  forces  may be used t o  r ep resen t  Newtonian flow fo rces .  

The l o c a l  b l ade  forces  a r e  given by:  

dFp = 	-1 pcRU2(cn cos 8 - ex s i n  0 ) d X  
2 

The fol lowing use fu l  forms a r e  obtained from equat ion  ( 3 ) :  

uz cos2 as = U$ cos2 e - 2~ uP T  s i n  0 cos e + $ s i n 2  0 (9) 

where 

Derivat ion of  Operating C h a r a c t e r i s t i c s  

Rotor to rque  i s  obtained by i n t e g r a t i n g  t h e  elemental  aerodynamic 
torque about t h e  r o t o r  a x i s .  

6 




S u b s t i t u t i n g  equat ions ( l ) ,  ( 2 ) ,  (41, ( S ) ,  and (10) i n t o  equat ion ( l l ) ,  
rforming t h e  i n d i c a t e d  i n t e g r a t i o n  assuming 6 is  cons tan t  and d i v i d i n g  

(l /2)pV27~R~r e s u l t s  i n  t h e  expression f o r  t h e  r o t o r  torque c o e f f i c i e n t .  

cos2 a s in2
s in2  a COS' p + = 

2 

2
(=cos P + 5 ) )  

The b lade  c e n t r i f u g a l  moment i s  given by:  

F o r  a b l a d e  with a l i n e a r  mass d i s t r i b u t i o n :  

where 
m


A = r 
mO 


and 

d m = m R d X  



S u b s t i t u t i n g  equat ions (14) ,  (15) ,  and (16) i n t o  equat ion (13) gives  

where 

The aerodynamic moment t h a t  tends t o  ra i se  t h e  coning of  one b lade  is  
given by : 

The i n t e g r a t e d  expression f o r  t h e  aerodynamic moment i s  

45 
[(I )2  

cos2 p + -
3 
(1- t)cos p + ' 2  + (&)' "0s; -1 

+ 	[(CN~ + c i  cos2 e )  + C: t a n  e ( 7  + cp cosz e - s i n 2  e ) ]  2 
C R Y  

For equi l ibr ium coning MCF = MA and f o r  a u t o r o t a t i v e  torque e q u i l i b 
rium CQ = 0 ;  thus  t h e r e  a r e  two equat ions i n  t h e  t h r e e  unknowns, 6 ,  8 ,  and 
S2R/Vm. We choose 8 as t h e  independent v a r i a b l e ,  and s o l v e  t h e  equat ions 
f o r  B and RR/Vm. The r e s u l t s  a r e  s u b s t i t u t e d  i n t o  t h e  expressions which 
follow t o  determine t h e  aerodynamic fo rce  c o e f f i c i e n t s ,  

8 




Derivat ion of  Aerodynamic Performance C h a r a c t e r i s t i c s  

The r o t o r  a x i a l  , s i d e  , and normal forces  , r e s p e c t i v e l y ,  a r e  

In t eg ra t ing  and d iv id ing  by (1/2)pV;nR2 gives  t h e  r o t o r  a x i a l ,  s i d e ,
and normal fo rce  c o e f f i c i e n t s ,  r e spec t ive ly ,  

cx = u cos a ( i  - 5 )  i[ s i n  e(cNo + c;U sin2 e )  + C: cos e ( c o s 2  e - cp s i n 2  e cos2 B - q)] ) 
+ [ ( c i  tan 0 - C;)sin e cos2 e + (c; cos3 e - C: sin3 0 ) s inz  P - C ~ Vs i n  e cos2 e cos2 plsin a cos p 

+ (cNo cos e + ciq s i n  0 ) s i n  a sin2 P cos + (cl; + C: tan e )  - s i n  e cos2 e sin2 fiI (24)e:) 
coscy = u cos a s i n  p cos e ( i  - 5 )  [k: (1- cp secz e )  - c i  sin2 e - c:q t an  e - CNo]($ (y p + 5) 

+ [cN, t an  e - CY(^ + cp)]sin a cos B + (c;  sin e - C: cos e )  
( V J  

s i n  e ] (25) 

C Z  = u cos3 P cos  e ( i  - e )  + C; sin' e + C;(V tan e - s i n  e cos e + cp sin2 e tan e ) ]  

The r o t o r  r o l l i n g  and p i t c h i n g  moment about t h e  hub are 

l-5 dFpMX = - 2 Jzrcl[x(x + 5 cos P)sin J I  + 3 X sin P cos J I  1dx dQ (27)dX 

9 



I n t e g r a t i n g  and d iv id ing  by (l/2)pV:rR3 gives  t h e  r o t o r  r o l l i n g  and 
p i t c h i n g  moment c o e f f i c i e n t s  about t h e  hub 

The r o t o r  l i f t - d r a g  r a t i o  i s  computed from 
Cz COS a - Cx s i n  CL

L 
D Cx cos CL + Cz s i n  a, 

(31) 

Theore t i ca l  Solu t ion  f o r  Axial Flow 

For the  s p e c i a l  case of a = 90° ( t h e  n o n l i f t i n g  c a s e ) ,  X = 1 and 
= q = (P = 5 = 0 ,  t h e  equat ions reduce t o  a very s i m p l i f i e d  form. Here 

cNO 
no simultaneous s o l u t i o n  of equat ions i s  r equ i r ed  t o  ob ta in  t h e  equl ibr ium 
values  f o r  6 and QR/Vm, and t h e  equat ions become 

cQ = 0 cos3 p (CI; t a n 3  0 + c l ) f 3 2  + (3( c i  tan2  8 - cb t a n  e) 

+ 2 ( c i  t a n  8 + c i  tan2  e)] = 0 ( 3 2 )  

I1n2
k F  = 2 s i n  2 P  (33) 

t a n  0 ( C i  t a n  0 - Ci) + ( C i  - Ci tan3 0 )  

and CX = Cy = Cmx = Cmy = L / D  = 0. 

10 



Equation (32)  i s  so lved  f o r  t h e  equi l ibr ium va lue  of  OR/V, as a func
t i o n  of  e ,  independent of t h e  va lue  of P .  Equation (33) i s  equated t o  
equat ion (34) and t h e  va lue  of  OR/Vm obta ined  from equat ion (32)  is  used 
t o  f i n d  the  equi l ibr ium coning angle ,  6. 

Vehicle Performance Charac t e r i st ics  

Aerodynamic c h a r a c t e r i s t i c s . - The r e s u l t s  from t h e  t h e o r e t i c a l  a n a l y s i s  
of aerodynamic c h a r a c t e r i s t i c s  of t h e  r o t o r  a lone  were combined with t h e  
capsule  aerodynamic c h a r a c t e r i s t i c s  i n  o rde r  t o  o b t a i n  t h e  combined r o t o r 
p lus-capsule  c h a r a c t e r i s t i c s .  The capsule  a r e a  i s  used as t h e  re ference  a r e a  
s ince i t  remains cons t an t ,  whereas t h e  r o t o r  d i sk  a r e a  may vary as  a r e s u l t  
of coning. For t h e  l i f t i n g  en t ry  t h e  r e s u l t s  were combined l i n e a r l y ,  as 
follows : 

For the  n o n l i f t i n g  e n t r y ,  s i n c e  t h e  veh ic l e  was a l i n e d  wi th  t h e  f l i g h t  p a t h ,  
a f i r s t - o r d e r  i n t e r f e r e n c e  co r rec t ion  t o  account f o r  t h e  area sh ie lded  by 
t h e  capsule  w a s  made t o  t h e  combined drag c o e f f i c i e n t  of t h e  r o t o r  p lus  
capsule  as fo l lows:  

‘Dr +c 

~ ~ _ _ _ _Atmospheric en t ry  performance.- A machine program was used t o  o b t a i n  
t h e  en t ry  t r a j e c t o r y  c h a r a c t e r i s t i c s .  This three-dimensional  program 
included the  e f f e c t s  of e a r t h  obla teness  and r o t a t i o n  and i t  was assumed t h a t  
t h e  e a r t h ’ s  atmosphere r o t a t e d  with t h e  e a r t h .  The aerodynamic cha rac t e r 
i s t i c s  ob ta ined  from t h e  above r e l a t i o n s  were programmed as t abu la t ed  func
t i o n s  of t h e  r e l a t i v e  v e l o c i t y  ( i . e . ,  of t h e  v e l o c i t y  r e l a t i v e  t o  t h e  
r o t a t i n g  atmosphere) . 

RESULTS AND DISCUSSION 

To analyze t h e  performance c h a r a c t e r i s t i c s  of a r o t o r  en t ry  veh ic l e  it 
was f i rs t  necessary t o  o b t a i n  t h e  r o t o r  ope ra t ing  c h a r a c t e r i s t i c s .  Once 
these  c h a r a c t e r i s t i c s  had been determined t h e  p re sen t  theory was used t o  
obta in  t h e  r o t o r  aerodynamic c h a r a c t e r i s t i c s  f o r  t h e  condi t ions  of  au to ro ta 
t i v e  equi l ibr ium.  These aerodynamic c h a r a c t e r i s t i c s  were used t o  determine 
t h e  veh ic l e  en t ry  performance c h a r a c t e r i s t i c s .  
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Rotor Operating C h a r a c t e r i s t i c s  

Typical v a r i a t i o n s  of equi l ibr ium dimensionless t i p  speed with b l a d e  
p i t c h  are shown i n  f i g u r e  3. Figure 3(a)  shows a low-speed opera t ing  char 
a c t e r i s t i c  which i s  t y p i c a l  of known da ta .  Note t h a t  f o r  t h e  b lade  p i t c h  
range -6O t o  +go t h e  t i p  speed i s  mult ivalued,  hence an uns t ab le  ope ra t ing  
range e x i s t s .  Figure 3(b) shows t i p  speed d a t a  obta ined  from t h e  p re sen t  
theory  f o r  supersonic  f l i g h t .  Data f o r  two va lues  o f  t h e  r a t i o  C A / C l  a re  
shown f o r  ax ia l  f l i g h t  (a = 90°) and one va lue  f o r  a = 20°. The r a t i o  
C k / C &  i s  a measure of t h e  r a t i o  of elemental  d r i v i n g  fo rce  t o  r e t a r d i n g  
f o r c e .  This r a t i o  f o r  an a i r f o i l  i n  Newtonian flow equals  t h e  chord-to
th ickness  r a t i o .  Axial  f l i g h t  produced t h e  h i g h e s t  r o t o r  speeds and t h e  
g r e a t e s t  s e n s i t i v i t y  t o  p i t c h  change near  zero  p i t c h .  Accordingly, very 
accura te  p i t c h  con t ro l  w i l l  b e  needed i n  t h i s  range during ax ia l  f l i g h t  i n  
order  t o  avoid acc iden ta l  overspeeding. These p red ic t ed  r o t o r  speeds are  
s i n g l e  valued and hence s t a b l e  f o r  any b l ade  p i t c h  angle ,  something t h a t  was 
not  apparent from low-speed r o t o r  c h a r a c t e r i s t i c s .  

Rotor Aerodynamic C h a r a c t e r i s t i c s  

Figure 4 shows a comparison of t h e o r e t i c a l  and experimental  r o t o r  drag 
c o e f f i c i e n t s  f o r  t h e  conf igura t ion  of re ference  3 as a func t ion  of Mach num
b e r  f o r  a r o t o r  i n  ax ia l  f l i g h t  a t  a t i p  speed of  107 m/sec (350 f t / s e c ) .  
Except i n  t h e  t r a n s o n i c  range theory and experiment agree  very we l l .  Con
s i d e r i n g  t h a t  t h e  t h e o r e t i c a l  values  were based upon Newtonian flow theory ,  
t h e  agreement wi th  t h e  values  obta ined  experimental ly  i s  very good a t  even 
subsonic  Mach numbers. 

Vehi c1e Entry Performance Characte r isti cs 

The aerodynamic performance c h a r a c t e r i s t i c s  from t h e  present  theory a r e  
shown i n  f i g u r e  5 .  These c h a r a c t e r i s t i c s  were used i n  t h e  t r a j e c t o r y  pro
gram t o  o b t a i n  e n t r y  performance parameters ,  such as maximum dece le ra t ion ,  
range, and hea t ing  r a t e s .  The s i g n i f i c a n t  r e s u l t s  a r e  presented  i n  f i g u r e s  6 
through 8.  The capsule-alone conf igura t ion  was a l s o  i n v e s t i g a t e d  t o  provide 
a b a s i s  f o r  comparison. The hypo the t i ca l  f u l l - s c a l e  capsule  has a maximum 
diameter of 3.96 m (13 f t )  and weighs 4,535 kg (9,400 l b ) .  The r o t o r  system 
s e l e c t e d  has four  b l ades ,  a s o l i d i t y  of 0 .2 ,  and a diameter of 7.82 m 
(26 f t ) .  The i n i t i a l  e n t r y  condi t ions  used f o r  t h i s  s tudy  were 
Ve = 7,610 m/sec (25,000 f t / s e c )  and he = 121,920 m (400,000 f t ) .  I n i t i a l  
en t ry  angles were v a r i e d  from O o  t o  - 3 O .  

Range.- Range f o o t p r i n t s  f o r  t h e  l i f t i n g  capsule  and l i f t i n g  r o t o r  p lus  
capsule  are shown i n  f i g u r e  6 f o r  an e n t r y  angle  of -30. Also ind ica t ed  on 
t h e  f i g u r e  i s  t h e  maximum l a t e r a l  range f o r  L/D = 1 . 2 ,  which is  obta inable  
with l i f t i n g  bodies  such as t h e  Ames M-2. The re ference  f o r  a l l  ranges 
ind ica t ed  i s  t h e  impact po in t  f o r  t h e  n o n l i f t i n g  capsule .  The a v a i l a b l e  
landing area f o r  t h e  ro tor -p lus-capsule  conf igu ra t ion  is  about e igh t  t imes 
l a r g e r  than f o r  t h e  l i f t i n g  capsule  a lone .  The maximum l a t e r a l  range i s  
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extended from about 170 t o  n e a r l y  420 n .  m i .  by t h e  a d d i t i o n  of  t h e  r o t o r .  
The maximum l a t e ra l  range was obta ined  by r o l l i n g  t h e  v e h i c l e  t o  a bank 
angle of 45O and maintaining t h i s  a t t i t u d e  u n t i l  t h e  heading changed 90' from 
the  en t ry  heading. A t  t h a t  t ime t h e  veh ic l e  was r o l l e d  back t o  a O o  bank 
angle  and t h e  g l i d e  continued t o  touchdown. Adding t h e  r o t o r  increased  t h e  
long i tud ina l  range of t h e  capsule  from about 1200 t o  over 1900 n .  m i .  How
ever ,  t h i s  i nc rease  i s  no t  s o  s i g n i f i c a n t  as t h e  l a t e ra l  range i n c r e a s e ,  
s i n c e  t o  a l a rge  ex ten t  l ong i tud ina l  range can be  c o n t r o l l e d  by c o n t r o l l i n g  
the  time of r e t r o f i r e .  

Decelerat ion.  - Figure 7 shows t h e  maximum d e c e l e r a t i o n  f o r  t h e  l i f t i n g  
and n o n l i f t i n g  e n t r i e s  as a func t ion  of e n t r y  angle .  They are presented  
only t o  show t h e  t r ends  which r e s u l t  from adding a r o t o r  t o  a capsule .  A s  
would be expected, t h e  maximum dece le ra t ions  encountered increased  with 
s teepening  of  t h e  e n t r y  angle .  For t h e  n o n l i f t i n g  e n t r y  t h e  add i t ion  of  t h e  
r o t o r  reduced t h e  maximum dece le ra t ion  only about 0 . 5  g f o r  a l l  e n t r y  angles  
i n v e s t i g a t e d .  For t h e  l i f t i n g  e n t r y ,  adding a r o t o r  t o  t h e  capsule  d id  not  
s i g n i f i c a n t l y  change the  maximum dece le ra t ion .  Note t h a t  t h e  a d d i t i o n  of 
t h e  r o t o r  changes t h e  W/CDAc from t h a t  f o r  t h e  capsule  a lone .  Hence, t he  
curves shown on f i g u r e  7 do not  r ep resen t  a cons tan t  va lue  of  W/CDAc. 

Heat ing.- The r o t o r  b l ade  maximum convect ive h e a t i n g  r a t e  i s  presented  
i n  f i g u r e  8 as a func t ion  of  e n t r y  angle  f o r  l i f t i n g  and n o n l i f t i n g  t r a j e c 
t o r i e s  of t h e  ro tor -p lus-capsule  and capsule  a lone .  The curves f o r  t h e  
capsule-alone t r a j e c t o r i e s  r ep resen t  deployment of a f i c t i t i o u s  r o t o r  a t  t h e  
po in t  of maximum hea t ing  on t h e  capsule-alone t r a j e c t o r y  and have been 
included t o  show t h e  a l l e v i a t i n g  e f f e c t  o f  t h e  r o t o r  on h e a t i n g .  Magnifica
t i o n  e f f e c t s  due t o  t h e  capsule  bow shock a r e  not included.  The h e a t i n g  rates 
presented  a r e  f o r  a l o c a l  b l ade  r ad ius  of curva ture  of 0.152 m (6 i n . )  f o r  t h e  
l i f t i n g  en t ry  and 1.524 m (5 f t )  f o r  t h e  n o n l i f t i n g  e n t r y .  Radia t ive  hea t ing  
r a t e s  were not  computed, bu t  they  have been shown t o  c o n t r i b u t e  a n e g l i g i b l e  
amount t o  t h e  o v e r a l l  hea t ing  f o r  en t ry  a t  low e a r t h  o r b i t a l  speeds.  A l i n e  
on t h e  f i g u r e  i n d i c a t e s  t h e  maximum hea t ing  r a t e  l i m i t ,  463 kW/m2 
(41 B t u / f t 2 / s e c ) .  This l i m i t  i s  based on r a d i a t i o n  equi l ibr ium temperature  of 
2320° K (3700O F) and has been ad jus t ed  by a f a c t o r  of 2.85 t o  account f o r  
t h e  inc rease  i n  b l ade  h e a t i n g  behind t h e  capsule  bow shock wave. This tem
p e r a t u r e  l i m i t  i s  f o r  a RENE-41  b l ade  s t r u c t u r e  with a s t a b i l i z e d  zirconium 
oxide coa t ing .  This coa t ing  i s  assumed t o  be  s a t i s f a c t o r y  f o r  opera t ion  i n  
t h i s  temperature  range.  I t  has  a l s o  been assumed t h a t  t h e  coa t ing  i s  s u f f i 
c i e n t  t o  maintain t h e  RENE-41 s t r u c t u r e  below i t s  l i m i t  of  about 10870 K 
(1500° F) .  I t  can be seen from t h e  f i g u r e  t h a t  even f o r  e n t r y  a t  Oo t h e  b lade  
h e a t i n g  rate i s  too  seve re .  I t  i s  a l s o  ev ident  from t h e  f i g u r e  f o r  t h e  non
l i f t i n g  en t ry  t h a t  adding t h e  r o t o r  reduces t h e  maximum h e a t i n g  r a t e  about 
20 percent  f o r  a l l  e n t r y  angles  i n v e s t i g a t e d .  

Because of t h e  seve re  na tu re  of  t h e  h e a t i n g  of  t h e  r o t o r  b l a d e s ,  an 
i n v e s t i g a t i o n  was undertaken t o  determine i f  inc reas ing  t h e  ro tor - to-capsule  
diameter  r a t i o  would apprec iab ly  reduce t h e  hea t ing .  An i n c r e a s e  i n  Dr/Dc 
reduces W/CDAc and should reduce t h e  h e a t i n g  r a t e s  even f u r t h e r .  The s i g 
n i f i c a n t  r e s u l t s  of t h e  effect  of diameter  r a t i o  on t h e  e n t r y  parameters is 
d iscussed  i n  t h e  next  s e c t i o n .  
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Effec ts  of diameter  r a t i o  on T-ange, d e c e l e r a t i o n ,  and hea t ing . - The 
maximum la te ra l  range as -a -function of  d iameter  r a t i o  f o r  var ious  e n t r y  
angles  i s  shown i n  f i g u r e  9 .  A diameter  r a t i o  of 1 rep resen t s  t h e  capsule  
a lone .  There i s  a very s i g n i f i c a n t  e f f e c t  o f  diameter  r a t i o  up t o  about 
DJD, = 4.  Above D /Dc = 4, t h e  ga in  i s  not  nea r ly  s o  s i g n i f i c a n t  and from 
a weight s tandpoin t  Eur ther  i nc reases  i n  r o t o r  diameter  probably would no t  be 
worth t h e  small ga in  i n  l a te ra l  range.  This ga in  can be  a t t r i b u t e d  t o  
increased  l i f t  due t o  t h e  i n c r e a s e  i n  r o t o r  s i z e .  For t h e  range of  e n t r y  
angles  i n v e s t i g a t e d  t h e  maximum la te ra l  range was i n s e n s i t i v e  t o  e n t r y  angle ,  
t he  maximum d i f f e r e n c e  be ing  only about 22 n .  m i .  

I t  should be noted  t h a t  a u t o r o t a t i v e  landing s t u d i e s  show t h a t  t h e  maxi
mum d isk  loading t o l e r a b l e  f o r  a reasonable  subsonic  s ink  r a t e ,  hence a 
reasonably s a f e  landing ,  a l s o  r e q u i r e s  a Dr/Dc i n  t h e  neighborhood of  3 o r  
more. Increas ing  D / D c  = 2 t o  4 r e s u l t s  i n  about 140 n .  m i .  of  a d d i t i o n a l  
range, an i n c r e a s e  o f  about 33 pe rcen t .  Whether t h e  inc rease  i n  range i s  
worth t h e  inc reased  weight and more d i f f i c u l t  stowage problem of t h e  l a r g e r  
r o t o r  w i l l  depend t o  a l a rge  ex ten t  on s p e c i f i c  mission requirements .  How
ever,  it i s  f e l t  t h a t  r o t o r s  i n  t h e  Dr/Dc = 6 - 10 s i z e  range would no t  be 
s u i t a b l e  f o r  any mission because of t h e i r  s i z e  and l imi t ed  range advantage 
over a Dr/Dc = 4 r o t o r  system. 

Figure 10 shows t h e  maximum long i tud ina l  range as a func t ion  of  diameter  
r a t i o  f o r  t h e  fou r  e n t r y  angles  i n v e s t i g a t e d .  These ranges a r e  measured from 
the  capsule-alone b a l l i s t i c  impact p o i n t ,  which va r i ed  with en t ry  ang le .  The 
maximum long i tud ina l  range i s  more s e n s i t i v e  t o  e n t r y  angle  than was t h e  
l a t e ra l  range, as would be expected. From t h e  f i g u r e  i t  can be  seen  t h a t  t he  
e f f e c t  o f  diameter  r a t i o  on t h e  maximum long i tud ina l  range i s  gene ra l ly  t h e  
same as i t  is  f o r  t h e  maximum la te ra l  range .  For diameter r a t i o s  l a r g e r  than 
about 4 ,  t h e  inc rease  i n  range wi th  f u r t h e r  i n c r e a s e  i n  diameter r a t i o  i s  
very small. 

The maximum dece le ra t ion  encountered dur ing  e n t r y  i s  presented  i n  f i g 
u re  11. For n o n l i f t i n g  en t ry  t h e r e  i s  a minimum i n  t h e  maximum dece le ra t ion  
encounted a t  a diameter r a t i o  of about 4 .  This minimum i s  a r e s u l t  o f  t h e  
e f f e c t  of W/CDA,. For t h e  l i f t i n g  e n t r y  t h e  maximum d e c e l e r a t i o n  i s  g r e a t l y  
reduced from t h e  values  f o r  t h e  n o n l i f t i n g  e n t r y  and i s  e s s e n t i a l l y  unaf fec ted  
by diameter r a t i o  f o r  a given e n t r y  angle .  

The r o t o r  b lade  maximum convect ive h e a t i n g  r a t e s  f o r  t h e  n o n l i f t i n g  and 
l i f t i n g  e n t r i e s  are shown i n  f i g u r e s  12(a) and 1 2 ( b ) ,  r e s p e c t i v e l y .  Again 
t h e  hea t ing  rates shown are based on a l o c a l  r ad ius  of curva ture  of  1.524 m 
(5 f t )  f o r  t h e  n o n l i f t i n g  e n t r y  and 0.152 m (6 i n . )  f o r  t h e  l i f t i n g  e n t r y .  
Also shown on f i g u r e  12(b) i s  t h e  r o t o r  b lade  hea t ing  r a t e  l i m i t  l i n e  which 
would r e s u l t  i n  an equi l ibr ium temperature  of 2320° K (3700O F) .  I t  can be 
seen t h a t  t h e  e f f e c t  of i nc reas ing  t h e  diameter  r a t i o  i s  t o  reduce markedly 
t h e  hea t ing  r a t e  f o r  both t h e  n o n l i f t i n g  and l i f t i n g  e n t r i e s .  A v e h i c l e  w i t h  
a diameter r a t i o  o f  4 has about h a l f  t h e  maximum blade  hea t ing  r a t e  it would 
have i f  it were e n t e r i n g  on t h e  capsule-alone t r a j e c t o r y  ( D r / D c  = 1 ) .  

Temperatures were obta ined  from t h e  h e a t i n g  r a t e  d a t a  of f i g u r e s  12(a) 
and 12(b) by s u b s t i t u t i o n  i n t o  t h e  r e l a t i o n  
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These r e s u l t s  a r e  presented  i n  f i g u r e s  13(a)  and 13(b) f o r  t h e  n o n l i f t i n g  and 
l i f t i n g  e n t r i e s ,  r e s p e c t i v e l y .  For computing t h e  temperatures ,  a va lue  of 
E = 0 .8  was used. The parameter K 1  is  a h e a t i n g - r a t e  m u l t i p l i c a t i o n  f a c t o r  
which takes  i n t o  account t h e  b lade  curva ture  and t h e  inc rease  i n  h e a t i n g  r a t e  
caused by the  capsule’s  bow shock wave. A va lue  of  K 1  = 2.85 was obta ined  
a n a l y t i c a l l y ,  and l a t e r  experimental  r e s u l t s  ( r e f .  10) i n d i c a t e  t h a t  t h i s  
es t imate  i s  s l i g h t l y  o p t i m i s t i c .  The r e s u l t s  of  re ference  10 i n d i c a t e  a 
va lue  of about 3.3,  except a t  shock impingement. This  15 percent  i nc rease  i n  
K1 would increase  t h e  temperatures shown by about 4 percent .  For t h e  non
l i f t i n g  en t ry  a diameter r a t i o  o f  nea r ly  4 i s  r equ i r ed  f o r  t h e  temperature  
l i m i t  used. For t h e  l i f t i n g  e n t r y  the  diameter  r a t i o  requi red  would gener
a l l y  have t o  be l a r g e r  than  10. 

The ind ica t ion  t h a t  t h e  l i f t i n g  e n t r y  would produce excessive tempera
t u r e s  l e d  t o  t h e  not ion  of  de lay ing  t h e  l i f t i n g  phase u n t i l  sometime a f t e r  
peak hea t ing .  An a d d i t i o n a l  s tudy was made, t h e r e f o r e ,  t o  determine t h e  
e f f e c t  of delayed deployment on range performance. 

Ef fec ts  of delayed deployment.- The e f f e c t  o f  delayed deployment on 
l a t e r a l  range was i n v e s t i g a t e d  f o r  conf igura t ions  having of 2 and 4 .  
These r e s u l t s  a r e  shown i n  f i g u r e s  14  and 15, r e s p e c t i v e l y .

Dr /Dc  

Both l i f t i n g  and n o n l i f t i n g  modes of  capsule  opera t ion  p r i o r  t o  r o t o r  
deployment were i n v e s t i g a t e d  and t h e  assumption was made t h a t  t h e  veh ic l e  
could be  banked i n  t h e  l i f t i n g  mode p r i o r  t o  r o t o r  deployment. Not be ing  
ab le  t o  u t i l i z e  t h e  capsule  l i f t  r e s u l t e d  i n  t h e  l o s s  of a s u b s t a n t i a l  po r t ion  
of t h e  l a t e r a l  range c a p a b i l i t y .  

The percentage reduct ion  i n  l a t e r a l  range r e s u l t i n g  from delayed deploy
ment is  g r e a t e r  f o r  t h e  Dr /Dc  = 4 veh ic l e  than  f o r  t h e  Dr /Dc  = 2 veh ic l e  
because the  diameter r a t i o  4 veh ic l e  has  a h ighe r  L / D ,  which cannot be  
u t i l i z e d  u n t i l  t h e  r o t o r  i s  deployed. For both diameter  r a t i o s ,  t h e  L / D  
p r i o r  t o  deployment w a s  t h e  same; hence t h e  DJD, = 4 veh ic l e  l o ses  a l a r g e r  
percentage of i t s  l a t e r a l  range c a p a b i l i t y  than  does t h e  Dr /Dc  = 2 v e h i c l e .  

Shown i n  f i g u r e  16 i s  t h e  long i tud ina l  range as a func t ion  of deployment 

Mach number f o r  Dr/Dc = 2 .  Curves a r e  shown f o r  both modes of capsule  oper 

a t i o n  p r i o r  t o  deployment. Without be ing  a b l e  t o  u t i l i z e  capsule  l i f t  p r i o r  

t o  r o t o r  deployment, t h e  reduct ion  i n  long i tud ina l  range i s  cons iderable  even 

f o r  r o t o r  deployment a t  a Mach number of 18.  


Deploying t h e  r o t o r  a t  var ious  Mach numbers a long t h e  t r a j e c t o r y  impl ies  
deployment a t  var ious  h e a t i n g  ra te  l e v e l s .  I f  deployment i s  made a t  Mach 
numbers exceeding about 17 f o r  Dr/Dc = 4 ,  t h e  b lades  would poss ib ly  r e q u i r e  
an a b l a t i v e  coa t ing  f o r  h e a t  p r o t e c t i o n .  This i s  thought t o  be imprac t i ca l  
because of t h e  high p r o b a b i l i t y  of nonuniform a b l a t i o n  causing an i n t o l e r a b l e  
v i b r a t i o n  l e v e l .  A t  deployment Mach numbers above 8,  and l e s s  than  17, a 
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coated b l ade  s t r u c t u r e  similar t o  t h e  type  d iscussed  ea r l i e r  i s  r equ i r ed .  
A t  deployment Mach numbers below 8, no h e a t  p r o t e c t i o n  is  needed. 

Figure 17 shows t h e  r a d i a t i o n  equi l ibr ium r o t o r  b lade  temperature  as a 
funct ion of Mach number f o r  a r o t o r  e n t r y  v e h i c l e  of diameter  r a t i o  4 e n t e r i n g  
at  y = - 2 O .  With a s t a b i l i z e d  zirconium oxide coa t ing  having a temperature  
l i m i t  of  2320° K (3700O F ) ,  opera t ion  of t h e  r o t o r  i n  t h e  l i f t i n g  mode must 
be  delayed u n t i l  a Mach number nea r  17 i s  reached. 

The r e s u l t s  of  t h e  i n v e s t i g a t i o n  l e d  t o  t h e  development of  t h e  sequence 
of ope ra t ing  modes f o r  t h e  r o t o r  e n t r y  v e h i c l e  shown i n  f i g u r e  18. A t  e n t r y  
t h e  r o t o r  i s  deployed and t h e  veh ic l e  flown i n  a nea r  ax ia l  a t t i t u d e  with t h e  
r o t o r  coned back 45O t o  avoid capsule  bow shock impingement. The hea t -
t r a n s f e r  r e s u l t s  of  r e fe rence  10 i n d i c a t e  t h a t  a coning angle  of 45O i s  
requi red  i n  near  a x i a l  f l i g h t  i n  o rde r  t o  avoid t h i s  bow shock impingement. 
Within t h i s  c o n s t r a i n t  an L/D o f  nea r ly  0 .3  i s  p o s s i b l e .  A t  a Mach number 
of about 16, t r a n s i t i o n  begins  t o  the  g l i d e  f l i g h t  (autogyro) a t t i t u d e  and 
should be  completed by t h e  time a Mach number of 14 i s  reached. From t h i s  
po in t  t o  subsonic  v e l o c i t i e s ,  supersonic  g l i d e  f l i g h t  i s  maintained a t  an 
L/D near  1 .0 .  The subsonic  f l i g h t  po r t ion  w i l l  b e  i n  t h e  L / D  = 4 .0  range.  
The veh ic l e  t hen  lands l i k e  a h e l i c o p t e r  with power o f f .  This sequence of  
opera t ing  modes has no t  taken i n t o  account any p o t e n t i a l  problems of  veh ic l e  
t r i m  a t  t he  f l i g h t  a t t i t u d e s  i n d i c a t e d .  

CONCLUSIONS 

The r e s u l t s  of t h e  t h e o r e t i c a l  i n v e s t i g a t i o n  of t h e  r o t o r  aerodynamic 
c h a r a c t e r i s t i c s  and performance of a r o t o r  e n t r y  v e h i c l e  have l e d  t o  t h e  
following conclus ions :  

1. The r o t o r  has a s t a b l e  ope ra t ing  range a t  low negat ive  b lade  p i t c h  
angles ,  which was not  apparent from low speed h e l i c o p t e r  opera t ion .  

2 .  In  a x i a l  f l i g h t  t h e  r a t e  of i nc rease  o f  RPM with small  b l ade  p i t c h  
angle changes i s  q u i t e  severe  and w i l l  r e q u i r e  p r e c i s e  con t ro l  of b l ade  
p i t c h  t o  prevent  overspeeding. 

3. In  a x i a l  f l i g h t  a t t i t u d e s  t h e r e  i s  good agreement between t h e o r e t i 
c a l  and experimental  r o t o r  drag a t  l e a s t  f o r  subsonic  and supersonic  speeds.  

4 .  When used throughout t h e  e n t i r e  e n t r y  t r a j e c t o r y  i n  a g l i d e  mode, 
t h e  r o t o r  added t o  t h e  capsule  r e s u l t s  i n  s u b s t a n t i a l  gains  i n  l a t e r a l  range.  

5.  On t h e  b a s i s  of  gains  i n  maximum range and magnitude of t h e  maximum 
dece le ra t ions ,  t h e  most optimum ro tor - to-capsule  diameter r a t i o  i s  about 4 .  

6 .  From a h e a t i n g  s t andpo in t ,  t h e  v e h i c l e  cannot be  used i n  t h e  g l i d e  
mode throughout t h e  e n t i r e  e n t r y  t r a j e c t o r y  and maintain t h e  temperature con
s t r a i n t  o f  2320O K (3700O F) on t h e  r o t o r  b l ade  coa t ing .  
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7. Since bow shock impingement on t h e  r o t o r  b lades  can cause h e a t i n g  
rates e i g h t  t imes t h a t  of the capsule  s t a g n a t i o n  va lue ,  t h e  r o t o r  may have 
t o  be coned back during t h e  peak hea t ing  p o r t i o n  of  t h e  en t ry  t r a j e c t o r y ,  
thus reducing a v a i l a b l e  r o t o r  t h r u s t .  

8 .  Delaying r o t o r  deployment causes l a rge  reduct ions  i n  t h e  maximum 
l a t e r a l  range c a p a b i l i t y .  However, i f  capsule  l i f t  can be u t i l i z e d  p r i o r  t o  
r o t o r  deployment, t h e  l o s s  i n  l a t e r a l  range i s  reduced. 
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Figure 1.-Study vehicle configuration. 
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( a )  Blade s e c t i o n  f o r c e s  

F igure  2.- Force geometry. 
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( b )  Rotor geometry 

Figure 2 . - Concluded. 
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Figure 4.-Comparison of theoretical and experimental rotor drag coefficient; Q: = go", 
.QR = 107 m/sec (350 ft/sec). 
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Figure 12. - Concluded. 
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